Noxious stimuli
The first opportunity for measurement along the nociceptive pathway is the stimulus itself. Quantitative studies of pain must begin with an accurate knowledge of the noxious stimulus that is provoking the pain. Unfortunately this is normally only possible in an experimental situation where the physical properties of the stimulus can be accurately determined and controlled. This introduces one of the major stumbling blocks of pain research. Most experimental pain shows marked dissimilarities to naturally-occurring pain. As there are both I Paper read to joint meeting of Section of Measurement in Medicine and Intractable Pain Society, 15 February 1982. Accepted 21 September 1982 . ethical and methodological reasons for not damaging tissue during an experimental stimulus, it is inevitable that the majority of painful stimuli applied to the skin elicit 'first' pain. This is sharp in nature, not outlasting the duration of the stimulus, well-localized and produces a phasic, withdrawal reflex. This type of pain is typified by a pin-prick. 'Second' pain in contrast is dull, often with a burning quality, poorly localized, frequently outlasting the stimulus and producing a tonic, guarding reflex. Autonomic reflexes and emotional, adversive responses are often present. Reaction times, single-unit recordings and nerve compound action potential studies have shown that first and second pain are related to conduction in two different types of peripheral afferent nerve fibres, Ac) and C fibres respectively. These anatomophysiological differences are important because pathological pain shares some of the characteristics of the type of pain evoked by experimental selective stimulation of C fibres (Nordenboos 1959) : temporal summation, radiation of pain to surrounding structures and after-response. Another important difference between experimental and naturally-occurring pain is that the emotional and motivational responses which occur with pathological pain are absent in the experimental situation.
• The majority of psychophysical experimental methods are designed for the detection of first pain, usually defined as the pain threshold. The ideal characteristics of an experimental stimulus have been summarized as follows (Procacci et al. 1979 ):
(I) The stimulus needs to be measurable in physical units in order to allow comparison between data.
(2) The stimulus must induce a clearly detectable pain sensation.
(3) The stimulus must not induce tissue damage.
The simplest form of pain research is to apply a known stimulus and observe the effects in terms of perceived pain intensity: the temperature of the skin can be measured during the application of a heat stimulus, for instance. It has been shown that the threshold for heatinduced pricking pain occurs at a skin temperature of 44-45"C, regardless of the rate at which the skin temperature is increased. This is in contrast to the warmth sensation for nonnoxious heat which is dependent on the rate of temperature increase (Hardy 1953 ). If the heat-induced flexion pain response is taken as the threshold point instead of the verbal report then it again yields a value of around 44'C, independent of rate. As the parameters for both noxious heat pain and flexion reflex are similar, it seems that both are subserved, at least in part, by the same neural mechanisms. However, the fact that these thresholds can be highly stable under controlled experimental conditions does not imply that they do not vary. The noxious heat pain threshold is influenced by the immediate past history of thermal stimulation. Long duration, low-intensity thermal stimulation can evoke primary hyperalgesia which is accompanied by a lowering of the pain threshold and an increase in the intensity of the suprathreshold pain.
In order to reveal a relationship between pain intensity and stimulus intensity, some form of ratio scale must be used for the pain observations. The two most common ratio scales in use are those of direct magnitude estimation, for example the visual analogue scale, and the scale of just noticeable differences.
A large number of techniques for pain threshold determination have been described (Beecher 1957 , Procacci et al, 1979 . The painful stimuli used in these methods fall into several categories:
Chemical stimuli (Keele & Armstrong 1964 , Arcangeli & Galletti 1974 : Several alkaline and acid solutions, amines and pep tides have been used. They are generally ineffective when used on intact skin and therefore methods of applying these substances intraepidermally, intradermally, intramuscularly and at the exposed base of a blister have been used. Problems include the inability to repeat the test .frequently due to accumulation of the chemical, measurement of the concentration of the substance within the tissue, and determination of the precise site of action.
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Thermal stimuli: Thermal stimulation is favoured by most investigators as the most adequate for pain threshold determination studies.
Radiant heat has been widely used since the popularization of the method by Hardy et al. (1940) . However, potential tissue damage is associated with repetitive stimulation of the same point of the skin and there is not a strict linear relationship between the intensity of the stimulus and the heat delivered to the skin. This is probably related to regional blood flow and can introduce errors in the measurement. A recent improvement in this field has been the introduction of infrared laser beam stimulation (Mor & Carmon 1975) . This method shortens the exposure time required for thermal noxious stimulation to a few milliseconds, avoiding coactivation of non-noxious thermoreceptors.
Conducted heat for noxious thermal stimulation does not have the specificity of radiant heat methods due to simultaneous activation of mechanoreceptors. Recently, a method for routine clinical practice using a thermode has been developed by Fruhstorfer et al. (1976) . It is a rapid and repeatable method that can be used on any part of the body surface.
Electrical stimuli: Electrical stimuli are widely used in experimental pain research. Usually a square wave pulse or train of pulses is delivered to the skin. The current applied may vary considerably as a result of changes in the electrical resistance of the skin unless a device to maintain a constant current is incorporated.
Mechanical stimuli: Compression of skin, tendons and underlying bone structures by means of a calibrated device is the commonly used method. The rate of application of the pressure is an important factor and should be taken into account in the experimental design. Differences in tissue compliance affect the distribution of the applied force and can be another source of variation.
Some other methods have been developed which try to mimic more closely the characteristics of pathological pain, using some form of suprathreshold pain estimation. These include the tourniquet method (muscle exercise under ischaemic conditions) and the cold pressor test in which the limb is immersed in cold water. A major drawback of these methods is the difficulty in defining the physical parameters of the painful stimulus. The length of time for which the stimulus is applied is the parameter frequently measured in these studies.
Electrical activity
The earliest opportunity for recording the electrical activity of the nociceptive pathway is at the nociceptors themselves. These can be regarded as electrical transducers, converting thermal, mechanical and chemical stimuli into electrical discharges.
Nociceptive receptors that signal impending or actual tissue damage fall into several categories depending on their response to different stimuli and on the conduction velocities of the axons that supply them. The classification of a unit as a nociceptor is taken by some to mean units that respond only to tissue damage. Such receptors do exist but a wider view of nociception has to be taken. For survival, an animal has to be warned of events that threaten tissue damage and nociceptors should be able to respond to such threatening stimuli. In addition, a nociceptive unit has to be capable of reacting differently to noxious and non-noxious events. For instance, although some low threshold mechanical and thermal receptors respond to intense, noxious stimulation, these responses can be mimicked by innocuous stimuli and cannot provide the necessary differentiation between noxious and innocuous stimuli.
Nociceptors fall into three major categories. The first two, those that respond to only strong mechanical stimuli and those that respond to both noxious mechanical and noxious heat stimuli, are mainly supplied by the more rapidly conducting Al) fibres and do not contribute to the more clinically important second pain. The third group consists of the socalled polymodal nociceptors. This is the most common type of nociceptor, being the end unit of 80-90% of all afferent C fibres. They respond to noxious heat, noxious mechanical and chemical irritant stimuli and some also respond to noxious cold.
Recording of single C-fibre activity is usually an accurate reflection of polymodal nociceptor activity and such recordings have recently been made in man (Hallin & Torebjork 1974) . In general it seems that C-fibre discharge rates of less than 0.3 per second are not associated with a sensation of pain, frequencies of more than 0.4 per second are usually painful and frequencies of more than 1.5 per second are always associated with pain (Vallbo et al. 1979) .
Nociceptor activity is a measure of the transduced stimulus intensity, which need not correlate with the applied stimulus intensity. It is certainly a better estimate of the intensity of the pain than direct measurement of the stimulus but it is subjected to further processing on its path to the cortex.
It is technically easier to record the electrical activity from peripheral nerve trunks than it is from individual nociceptors. Gross recordings of many fibres produce the picture of average activity that is the well known compound action potential. Whether the Ai5 and C fibre groups are being stimulated or not can be determined by examining the compound action potential; their relative contributions, in terms of the number of fibres activated, can be estimated by measuring the appropriate peak areas. Unfortunately, although pain is not perceived unless AD and/or C fibres are stimulated, the converse is not necessarily true and it is possible for these fibres to be firing with no report of pain. Presence of the Ai5 or C fibre humps in the action potential is still a better indicator of the presence of a noxious stimulus than measurement of the stimulus itself. Unfortunately, from the point of view of pain measurement, there is no one-to-one relationship between C polymodal nociceptor responses and second pain. In other words, there are some aspects of pain perception that cannot be accounted for by the response of primary afferents. The explanation for this centres on the characteristics of the neurons which project into the anterolateral quadrant (ALQ) of the spinal cord. Three types of these neurons have been identified and it has been found that the impulse discharge frequencies evoked in these dorsal horn neurons are not simple functions of impulses in the primary afferents, but are subject to local inhibitory and excitatory mechanisms and to descending controls as described in the Gate Control Theory (Melzack & Wall 1965) .
If the ALQ is stimulated' directly with appropriate parameters, pain is produced (Mayer & Price 1976). Electrically stimulating the ALQ at 50 pulses per second produces pain similar to that produced by naturally-occurring stimuli. No natural stimulus produces a regular 50 Hz pulse train in the ALQ fibres and so the pain experienced is unlikely to depend on the exact pattern of intervals between the impulses in the ALQ, but rather on the total number of impulses in a given time period. It has been found that the overall or average frequency of discharges does correlate with pain intensity and there is a linear relationship between the average frequency in the ALQ neurons and the number of subjects reporting pain. 100% of the subjects in Mayer & Price's (1976) study reported pain when the ALQ was stimulated at 25 Hz whereas none felt pain at 5 Hz.
It is obviously difficult to make recordings within the dorsal horn of human subjects, but we have recently been able to record electrical activity from a cordotomy electrode within the cervical anterolateral quadrant (Campbell & Lipton 1983) . Although much of the average evoked activity seen is associated with transmission via rapidly conducting pathways, a peak can be seen when stimulating the contralateral median nerve at intensities high enough to be reported as unpleasant. It is likely that this peak, which appears with a latency of 24 ms, is associated with activity within the ALQ, mediated by peripheral AtJ fibres.
The next most readily available site for electrophysiological recordings in man is also perhaps the most relevant to the pain experience -the cortex. Although the scalp is very convenient, these recordings suffer from-the disadvantage that electrical activity from many neural generators can be detected from the same electrode, and the sources of many components of the scalp-evoked potential are not well understood.
. The role of the cortex in the processing of inputs from several sensory systems has been worked out in detail, but this is not the case for pain. The specific somatosensory projection areas are not critical for the relatively normal perception of both chronic and acute pain. Furthermore, electrical stimulation of the cortex does not typically produce reports of pain.
Studies on the scalp potentials evoked by noxious stimuli have centred mainly on those exciting small-diameter peripheral fibres by using either noxious heat stimuli or by electrically exciting dental pulp. Carmon et al. (1978) have used a laser to produce thermal stimuli and recorded potentials at the vertex in response to stimulus intensities described as ranging from light touch to near intolerable pain. They found that although the amplitude of the vertex potential correlated with the stimulus intensity, it showed a still stronger correlation with the subjective response, suggesting that it may be a measure of the neural events associated with pain perception rather than nociception.
Electrical stimulation of dental pulp produces a different, but reproducible, series of potentials at the vertex and correlations have again been made between the amplitudes of some of these components and the subjective pain report. Chen et al. (1979) found that the amplitudes of each of the four peaks that they measured correlated with subjective pain report. When they applied the statistical technique of partial correlation analysis to these results, they found that only the first two components were correlated with stimulus intensity when the effects of pain report were partialed out, and that only the last two components were correlated with pain report after the effects of stimulus intensity were partialed out. This suggests that the first two components may reflect sensory transmission whilst the later components indicate brain activity as the pain is perceived.
Pain-related components of scalp-recorded evoked potentials have latencies of less than 300 ms and so this eliminates the involvement of C fibres which conduct too slowly to be represented at these latencies. The scalp noxious evoked response is therefore an estimate of pain which may be of little value outside the experimental field. Also, whether these potentials are related to the perceptual aspects of pain or to a more global variable such as arousal has yet to be demonstrated.
The end product of these psychophysical experiments is a verbal, motor, or autonomic response which is observable and can be the object of a quantitative analysis. In algesimetric studies in man two parameters are frequently determined: pain threshold, the least stimulus intensity at which a subject perceives pain; and pain tolerance, the greatest stimulus intensity the subject is prepared to tolerate. A significant correlation has not been shown between these two (Gelfand 1964) . The study of suprathreshold pain is more interesting from the clinical point of view and some methods of estimation show a power function relationship between stimulus intensity and perceived pain. However, all these are judgments which the subject makes and which are known to be influenced by individual expectations, anxiety, and cultural and methodological factors. Some psychophysical techniques such as verbal and graphic ratio scales, Signal Detection Theory and cross-modality matching methods seem to increase the reliability of the responses (Gracely 1979) .
So far, no single experimental pain-provoking test has resulted in a simple, universal and totally reliable measurement which can be accurately correlated with clinical assessment of pain or analgesia. The lack of a suitable stimulus and the unreliability of the subject's response are two of the main factors hindering progress in this field.
Despite their shortcomings, the methods of pain measurement discussed in this paper still have their place in both clinical and experimental work, and useful data can be obtained as long as their inadequacies are recognized and allowances made for them. A battery of various tests should be used whenever possible instead of relying on a single method, as this provides more information and can counteract some of the inherent methodological biases.
